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DQG UHSDLU RI FRPSRQHQWV LQ WRROPDNLQJ 7RROV ZKLFK KDYH EHHQ PDQXIDFWXUHG FRQYHQWLRQDOO\ IRU H[DPSOH E\
PDFKLQLQJVHPLILQLVKHGSDUWVDUHXVXDOO\PDGHHQWLUHO\RIH[SHQVLYHKDUGHQHGDQGWHPSHUHGKLJKO\DOOR\HGWRRO
VWHHO :LWK ODVHU GHSRVLWLRQ ZHOGLQJ KRZHYHU WRROV FDQ EH FRQVWUXFWHG E\ DSSO\LQJ IXQFWLRQDO OD\HUV ORFDOO\
VSHFLILFDOO\ DLPHG DW WKH LQWHUDFWLRQ ]RQH RI WKH WRRO 7KLV W\SH RI FRDWLQJ FDQ EH DSSOLHG RQ LQH[SHQVLYH HDVLO\












DGDSWHG SURFHVV PDQDJHPHQW SDUWLFXODUO\ IRU WKH ODVHUEDVHG FRDWLQJ RI WKLQZDOOHG SDUWV RU WRROV ZLWK UHGXFHG
PDWHULDOWKLFNQHVVLQRUGHUWRUHGXFHWHPSHUDWXUHLQGXFHGFRPSRQHQWGLVWRUWLRQ
7KH DSSURDFK RI LQFUHDVLQJ WKH SURFHVV HIILFLHQF\ E\ PD[LPL]LQJ WKH WUDFN ZLGWK DV RXWOLQHG DERYH FDQ
WKHUHIRUHQRWEHDGDSWHGWRVXLWWKHQHHGVRIODVHUGHSRVLWLRQZHOGLQJRISDUWVZLWKUHGXFHGPDWHULDOWKLFNQHVV$Q
DOWHUQDWLYHDSSURDFKWRLQFUHDVLQJSURFHVVHIILFLHQF\LVLQFUHDVLQJWKHSURFHVVLQJVSHHG+LJKSURFHVVLQJVSHHGVKDYH
WKHDGYDQWDJHRI UHGXFLQJ WKHHQHUJ\ LQSXWSHUXQLW OHQJWKDVZHOODV UHGXFLQJ WKHSURFHVVLQJ WLPH7HPSHUDWXUH
LQGXFHGFRPSRQHQWGLVWRUWLRQLVWKHUHIRUHUHGXFHGDVZHOO
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$PRQJRWKHUWKLQJV3DUWHVLQFUHDVHVWKHSURFHVVLQJVSHHGZLWKWKHDLPRIUHGXFLQJODWHUDOWKHUPDOKHDW
FRQGXFWLRQ ORVVHV LQ WKH VXEVWUDWH ZKHQ FRDWLQJ WKH RXWHU VXUIDFH RI D URWDWLRQDOO\ V\PPHWULF FRPSRQHQW 7KH
PHOWLQJSRZHULQFUHDVHVZLWKGHFUHDVLQJGLVVLSDWLRQORVV$VDFRQVHTXHQFHWKHF\FOHHIILFLHQF\DQGXOWLPDWHO\WKH
SURFHVVHIILFLHQF\LQFUHDVHDVZHOO
,Q (UOHU  YHU\ KLJKSURFHVVLQJ VSHHG LQ WKH DUHD RI VRPHPV DQG ORZ HQHUJ\SHU XQLW OHQJWK OHYHOV LQ
FRPELQDWLRQ ZLWK YHU\ KLJK SRZHU GHQVLW\ DUH DFKLHYHG E\ XVLQJ DQ DOWHUQDWLYH VFDQQHUEDVHG ODVHU GHSRVLWLRQ
ZHOGLQJWHFKQLTXH$SXOVHGODVHUVFDQVWKHDUHDWREHZHOGHGLQDOLQHDUIDVKLRQ$ODWHUDOO\SRVLWLRQHGIODWVSUD\
QR]]OHVXSSOLHVWKHSRZGHUHGILOOHUPDWHULDOGXULQJEUHDNSHULRGVLQWKHSURFHVV7KLVSURFHGXUHFRPELQHVYHU\KLJK




FRPSDUDEOH WR (UOHU  WKHUHIRUH LQFUHDVLQJ SURFHVVLQJ HIILFLHQF\ DQG UHGXFLQJ FRPSRQHQW GLVWRUWLRQ 7KH
REMHFWLYHKHUHLVWRDSSO\RQHOD\HUHGZHDUUHVLVWDQWDQGFRUURVLRQSURWHFWLRQFRDWLQJZLWKOD\HUWKLFNQHVVHVRI
PLQRUGHUWRFUHDWHDPDQXIDFWXULQJSURFHVVZKLFKLVDQDOWHUQDWLYHWRJDOYDQLFKDUGFKURPHSODWLQJ,QRUGHU
WR LQFUHDVH SURFHVVLQJ VSHHGV WKH WHPSHUDWXUH JUDGLHQW EHWZHHQ WKH KHDWHG ILOOHU PDWHULDO DQG WKH PHOW SRRO LV
UHGXFHGDV D FRQVHTXHQFHRI LQFUHDVLQJ WKHHQHUJ\GHSRVLWLRQ LQ WKH ILOOHUPDWHULDO6LJQLILFDQWO\ UHGXFHGPHOWLQJ
WLPHV UHVXOW LQ IDVWHUPHWDOOXUJLFDO ERQGLQJEHWZHHQ WKH ILOOHUPDWHULDO DQG WKH VXEVWUDWH7KHSURFHVVLQJ VSHHG LV
LQFUHDVHG DV D UHVXOW RI UHGXFLQJ WKH OD\HU WKLFNQHVV WKH SRZGHU SDUWLFOH VL]H WKH SRZGHU XVLQJ DQ DQQXODU JDS
QR]]OHDQGODVHUEHDPIRFDOGLDPHWHUDVZHOODVXWLOL]LQJODUJHSRZGHUGHQVLWLHVDQGODVHUSRZHUV
7KHRXWOLQHGPHWKRGVIRULQFUHDVLQJWKHSURFHVVHIILFLHQF\E\DSSO\LQJKLJKSURFHVVLQJVSHHGVPRVWO\RULJLQDWH
LQ PLFUR GHSRVLWLRQ ZHOGLQJ DQG WKHUHIRUH FRQVLGHU YHU\ VPDOO VWUXFWXUDO GLPHQVLRQV DQG OD\HU WKLFNQHVVHV








GLUHFWLRQ DQG DOVR ZHOGLQJ LQ GLIILFXOW SRVLWLRQV )XUWKHUPRUH WKH DSSOLFDWLRQ RI URERWEDVHG V\VWHPV DLPV WR
JXDUDQWHHDKLJKGHJUHHRIDFFHVVLELOLW\DQGSURFHVVLQJRIODUJHVFDOHFRPSRQHQWV
%DVLFVDQGDSSURDFK





   
7KHODUJHUWKHHQHUJ\SHUXQLWOHQJWKYDOXHWKHKLJKHULVWKHWKHUPDOVWUHVVZKLFKDIIHFWVWKHFRPSRQHQW,IWKH
REMHFWLYH LV WRUHGXFHFRPSRQHQWGLVWRUWLRQ WKHDLPLV WKHUHIRUHDOVRDOZD\V WRUHGXFH WKHDPRXQWVRIHQHUJ\SHU
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0DVVSHUXQLW OHQJWKGHVFULEHV WKHPDVV LQSXWSHUXQLW OHQJWKDQG LVFDOFXODWHGXVLQJ WKHUDWLRRISRZGHUPDVV
IORZDQG IHHG UDWH7KHPDVVSHUXQLW OHQJWKYDOXH LV SURSRUWLRQDO WR WKHSURFHVV HIILFLHQF\ DQG LV FRQVLGHUHG DQ
LQGHSHQGHQW FRPSDUDWLYH ILJXUH ZKHQ HYDOXDWLQJ WKH GHSRVLWLRQ ZHOGLQJ RXWFRPH +JHO  7KH SUHVHQWHG



















SURFHGXUH LV D VSHFLILF JURZWK LQ YROXPH 7KHUHIRUH WKH FURVVVHFWLRQDO DUHD RQ WKH VXEVWUDWH $ QHHGV WR EH
PD[LPL]HGZKHUHDVWKHFURVVVHFWLRQDODUHDLQWKHVXEVWUDWHQHHGVWREHPLQLPL]HG$FFRUGLQJO\KLJKTXDOLW\DQG
HIILFLHQWGHSRVLWLRQZHOGVHDPVDUHFKDUDFWHUL]HGE\ORZGHJUHHVRIGLOXWLRQEHWZHHQDQG+JHO
B MP MS VP P P P     
7KHSRZHUEDODQFHRIWKHODVHUGHSRVLWLRQZHOGLQJSURYLGHVLQIRUPDWLRQUHODWLQJWRSURFHVVHIILFLHQF\DQGSRZHU
ORVVHV$VLPSOLILHGYHUVLRQRI WKHSRZHUEDODQFH LVSUHVHQWHG LQHTXDWLRQ7KHGLIIHUHQW ORVVHVUHVXOWLQJIURP
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,QWKHFDOFXODWLRQRIWKHPHOWSRZHUVPMSDQGPMPLQHTXDWLRQVDQGWKHDGGLWLRQDOPDVVǻmDQGWKHFURVV
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SURFHVV WHFKQRORJ\ERWKLQ WKHFRDWLQJDQGUHVWRUDWLRQDQGLQ WKHJHQHUDWLQJRI'VWUXFWXUHV LQ WKHILHOGRI ODVHU
GHSRVLWLRQZHOGLQJ,W LV WKHUHIRUHXVHIXO WRFKDUDFWHUL]HWKHEDVLFFRUUHODWLRQVEDVHGRQLQGLYLGXDOZHOGWUDFNV,Q
RUGHUWRUHGXFHWKHLQIOXHQFLQJIDFWRUVRQHFHQWUDOOLQHDUGHSRVLWLRQZHOGWUDFNZDVDSSOLHGWRVTXDUHVXEVWUDWHVZLWK
DQHGJHOHQJWKRIPP7KHOHQJWKRIWKHZHOGWUDFNFRUUHVSRQGHGWRWKHHGJHOHQJWK7KHPHWURORJLFDOHYDOXDWLRQ




4.1. Process efficiency and power balance 
7KHSURFHVVHIILFLHQF\FDQEHFDOFXODWHGE\WKHUDWLRRIPHOWSRZHUWRVXSSOLHGSRZHU7KLVDSSURDFKZKLFKLV















%HJLQQLQJDWKLJKHUSRZHU OHYHOVRI: WKHSURFHVVHIILFLHQF\YDOXHV IRU WKH ORZHQHUJ\SHUXQLW OHQJWK
OHYHOSUHVHQWDWUHQGRIEHLQJVOLJKWO\DERYHWKHYDOXHVIRUWKHKLJKHQHUJ\SHUXQLWOHQJWKOHYHO)LJIXUWKHUPRUH
LOOXVWUDWHV WKDW WKH SRZHU VKDUHZKLFK LV XVHG WRPHOW WKH VXEVWUDWH L H JHQHUDWH WKHPHOW SRRO LV VLJQLILFDQWO\
VPDOOHU IRU WKH ORZ HQHUJ\ SHU XQLW OHQJWK OHYHO WKDQ IRU WKH KLJK HQHUJ\ SHU XQLW OHQJWK OHYHO 7KLV WHQGHQF\ LV
SUHVHQWWKURXJKRXWDOOSRZHUOHYHOV$FFRUGLQJO\DODUJHUVKDUHRIWKHPHOWSRZHULVXVHGWRPHOWWKHILOOHUPDWHULDO
DQGUHTXLUHGIRUYROXPHLQFUHDVHRUOD\HUJHQHUDWLRQ7KHHQHUJ\JDLQHGE\FXWWLQJWKHSURFHVVLQJVSHHGLQKDOIZLWK





4.2. Definition of process window 


















WKH ZHOG VHDP )RU ORZHU SRZHU OHYHOV RXWVLGH WKH SURFHVV ZLQGRZ WKH WUDFN ZLGWK LV VXEMHFW WR VLJQLILFDQW
IOXFWXDWLRQV DQG LV FRQVLGHUDEO\ ORZHU WKDQ WKH IRFDO GLDPHWHU 7KH FURVVVHFWLRQ RI WKH ZHOG VHDP LV MDJJHG
ILVVXUHG DQGGHIHFWLYH DQGGHYLDWHV VLJQLILFDQWO\ IURP WKHGHVFULEHG VSKHULFDO VKDSHZLWKLQ WKHSURFHVVZLQGRZ
ILJ D 3HQHWUDWLRQ LQ WKH VXEVWUDWH LV KDUGO\ QRWLFHDEOH 7KLV LQGLFDWHV D YHU\ QDUURZ DQG VKDOORZPHOW SRRO
7KHUHIRUHWKHDGGHGILOOHUPDWHULDOFDQQRWIRUPDSURSHUPHWDOOXUJLFDOERQG
'HILQLQJDQRWKHUSURFHVVOLPLWLVQHFHVVDU\WRGHWHUPLQHDSURFHVVZLQGRZ7KLVVHFRQGOLPLWLVGHWHUPLQHGEDVHG
RQ WKHGHJUHHRIGLOXWLRQ7KHREMHFWLYHRI WKHGHSRVLWLRQZHOGLQJSURFHVV LV DJURZWK LQYROXPH7KHUHIRUH WKH
FURVVVHFWLRQDO DUHD RQ WKH VXEVWUDWH QHHGV WR EH PD[LPL]HG ZLWK DV VPDOO DV SRVVLEOH FURVVVHFWLRQDO DUHD LQ WKH
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7KHPHDVXUHPHQWSRLQWVRIWKHJUDSKKLJKOLJKWHGLQFRORULQILJLOOXVWUDWHWKHSURFHVVZLQGRZIRUWZRHQHUJ\
SHUXQLWOHQJWKOHYHOVZLWKFRQVLVWHQWPDVVSHUXQLWOHQJWKE\UHSUHVHQWLQJWKHGHJUHHRIGLOXWLRQDVDIXQFWLRQRIWKH
IHHG UDWH ,Q JHQHUDO WKH GHJUHH RI GLOXWLRQ LQFUHDVHV ZLWK LQFUHDVLQJ IHHG UDWH LQ D QRQOLQHDUPDQQHU IRU ERWK
HQHUJ\SHUXQLWOHQJWKOHYHOV+RZHYHUFRPSDUHGWRWKHORZHQHUJ\SHUXQLWOHQJWKRI-PPWKHKLJKHQHUJ\SHU
XQLW OHQJWK  -PP SUHVHQWV D VLJQLILFDQWO\ IDVWHU LQFUHDVH LQ WKH GHJUHH RI GLOXWLRQ (YHQ DW WKH VPDOOHVW
H[DPLQHG IHHG UDWH RI  PPV D KRPRJHQHRXV GHSRVLWLRQ ZHOG VHDP LV IRUPHG GXH WR WKH ODUJHU HQHUJ\
GHSRVLWLRQ7KHUDSLGLQFUHDVHLQGHJUHHRIGLOXWLRQZLWKLQFUHDVLQJIHHGUDWHUHVXOWVLQDYHU\VPDOOSURFHVVZLQGRZ
ZKLFKDOUHDG\HQGVDWIHHGUDWHVH[FHHGLQJPPV7KLVFRUUHVSRQGVWRDSRZHUUDQJHRIWR:
7KH JUDSK KLJKOLJKWHG LQ UHG VKRZV D VLJQLILFDQWO\ OHVV SURQRXQFHG LQFUHDVH LQ GHJUHH RI GLOXWLRQ&UHDWLQJ D
KLJKTXDOLW\GHSRVLWLRQZHOG VHDP LVSRVVLEOHZLWKLQ D FRQVLGHUDEO\ ODUJHUSRZHU UDQJHEHWZHHQ DQGN:
ZLWKDJHQHUDOO\PXFKKLJKHUIHHGUDWHRIXSWRDSSUR[LPDWHO\PPV5HGXFLQJWKHHQHUJ\SHUXQLWOHQJWKUHVXOWV















SHU XQLW OHQJWK DUH DSSUR[LPDWHO\  P ODUJHU WKDQ WKRVH RI WKH ORZHU HQHUJ\ SHU XQLW OHQJWK 7KH PDLQ
LQIOXHQFLQJ YDULDEOHV IRU WKH YDULDWLRQ RI WKH VHDP ZLGWK DUH WKH HQHUJ\ SHU XQLW OHQJWK DQG WKH IRFDO GLDPHWHU
+JHO7KHPD[LPXPWUDFNZLGWKRIPPLVWKHUHIRUHDFKLHYHGDWDQHQHUJ\SHUXQLWOHQJWKRI-PP
ZLWK WKHPD[LPXPIHHG UDWHRIPPVZKLFKFRUUHVSRQGV WR WKHPD[LPXPRXWSXWSRZHURIN:7KH VHWRI
SDUDPHWHUV LOOXVWUDWHV WKH LQHIILFLHQW SURFHVVPDQDJHPHQW RXWVLGH WKHSURFHVVZLQGRZZLWKXQDGDSWHG HQHUJ\SHU
D E
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XQLW OHQJWK7KHGHJUHHRIGLOXWLRQGHPRQVWUDWHV WKDWPHUHO\RI WKHPHOWHGYROXPHJR WRZDUGV WKH OD\HULQJ
SXUSRVHVHHILJ




LQIOXHQFLQJYDULDEOHZLWK UHJDUG WR WKH DFKLHYDEOH WUDFNKHLJKW +JHO  ,Q DQDORJ\ WR WKH VHDPZLGWK WKH
WUDFNKHLJKWVUHVXOWLQJIURPSURFHVVLQJZLWKORZHQHUJ\SHUXQLWOHQJWKZLWKLQWKHSURFHVVZLQGRZDUHFRPSDUDEOH
RUHYHQODUJHUWKDQWUDFNKHLJKWVUHVXOWLQJIURPSURFHVVLQJZLWKDQHQHUJ\SHUXQLWOHQJWKRI-PP7KHIHHGUDWH





ZLWK LQFUHDVLQJSRZHUVHHILJZKLFKUHVXOWV LQJURZLQJPHOWGHSWKV DUHDV6LQFHDQJXODUGLVWRUWLRQVKRZVD









PDQ\ EHQHILWV &RPSDUDEOH RU HYHQ ODUJHU WUDFN ZLGWKV DQG KHLJKWV FDQ EH DFKLHYHG ZLWK VLJQLILFDQWO\ KLJKHU
SURFHVVLQJVSHHGVDQGFRQVLGHUDEO\VPDOOHUGLVWRUWLRQDQJOHV
&RQFOXVLRQ
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%\ H[SDQGLQJ WKH SURFHVV ZLQGRZ PRUH HIILFLHQW SURFHVVLQJ ZLWK LQFUHDVHG SURFHVV HIILFLHQFLHV ZDV PDGH
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